Purified pseudobactin inhibits the uptake of ferric iron by the roots of peas and maize plants sufficiently to reduce the synthesis of chlorophyll. This inhibition is interpreted as competitive binding, as described for synthetic chelating compounds.
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Fluorescent pseudomonads, characteristic inhabitants of the rhizospheres of higher plants, produce siderophores. One particularly well studied pseudomonad, strain B10, a member of the Pseiudoinonas fliorescens-P. plutida group, produces pseudobactin, a substituted hexapeptide whose three iron-chelating groups consist of a hydroxamate group, an alpha-hydroxyacid group, and an o-dihydroxy aromatic group (24) .
In an aerated environment, iron exists in the ferric form and so is highly insoluble in neutral or alkaline solution. Under such conditions the production of siderophores by fluorescent pseudomonads is derepressed (7. 10) . Thus, when conditions favorable to the growth of pseudomonads prevail in the rhizosphere, the concentration of soluble iron is normally very low, and for an organism with an efficient siderophore, denial of iron to competitors is a plausible competitive strategy. Several investigators (8, 20, 22) have shown that fluorescent pseudomonads can indeed inhibit the growth of other bacteria and fungi (including phytopathogens) both in vitro and in the plant rhizosphere by production of pseudobactin or similar siderophores. This implies that the concentration of uncomplexed ferric ions in the rhizosphere must be extremely low and raises the question of how the plant can obtain an adequate supply of iron.
In earlier studies, Brown et al. (2) showed that synthetic chelating agents compete with plant roots for ferric iron. The stability constant maxima of the compounds studied were between log,(K = 25 and 33.9 (20) . The stability of the ferric complex of pyoverdinepf (a compound similar to or identical with pseudobactin) is approximately log1(K = 32 at the maximum, at high pH (10) . These siderophores should be comparably effective competitors for ferric ions and be capable of withholding these ions from plant roots unless the plant can use the siderophore-complexed iron.
In soil, plant roots normally coexist with bacteria which may produce siderophores capable of sequestering the available soluble iron and so interfere with plant growth and function. Alternatively, plant roots might be capable of taking up ferric complexes of pseudobactin or related compounds and using these as sources of iron. Precedents are known for the exploitation by one organism of the synthesis of an iron chelator by another. Thus, ferrichrome is produced by fungi (12), but Escherichia coli can take up its ferritrihydroxamate derivative and use this as a source of iron (5) . Ferrichrome derivatives can also be used as sources of iron by higher plants (14, 16 
RESULTS
Preliminary experiments showed that in the absence of added siderophores, maize and pea plants took up approximately 80% of the 59Fe from the growth solution (containing 20 ,uM FeCl3) in 6 days. These were chosen as the standard experimental conditions. After this time the pea plants were apparently healthy, despite the low iron concentration, whereas on the maize plants, the youngest leaves (which developed during iron starvation) showed interveinal yellow leaf stripes.
Pseudobactin prepared from Pseudomonas sp. strain B10 and the fluorescent siderophore from P. aureofaciens ATCC 15926 could be purified by the same technique (10), and both iron-free pigments formed single fluorescent spots with the same mobility by electrophoretic analysis (10) . The effects of these two siderophores on the uptake of iron by maize plants were similar. An autoradiogram of maize shoots grown in the presence or absence of these chelating agents is presented (Fig. 1) . The tin concentration 100 times lower than that used in our standard experiments, iron uptake was reduced. Pseudobactin decreased the uptake of 59Fe by both maize and pea plants (Fig. 2) . The reduction was significant (P = 0.01, Student's t test) for both pea and maize plants. Consequently, the synthesis of chlorophyll was reduced in these plants (Fig. 3) . Pretreatment of plants with viable Pseudomonas sp. strain B10 cells did not reduce the inhibitory effects of the pseudobactin on iron uptake (Table 1) . DISCUSSION The results presented above show that, as for a number of synthetic chelating agents (2) , pseudobactin competes with plant roots for ferric ions. There is therefore no evidence that the iron uptake mechanism of the plants has undergone any evolutionary response to the presence of fluorescent pseudomonads in their rhizospheres. However, the ability of these bacteria to inhibit the growth of phytopathogens (8, 22, 23) clearly shows that they can reduce the concentration of soluble iron in the rhizosphere to levels below those needed for aerobic metabolism.
The concentration of pseudobactin used in these experiments (10 ,uM) was the same as that used to demonstrate the beneficial effects of this siderophore on the growth of potato plants in soil (8) . It is the equivalent of a saturated bacterial culture and is therefore approximately what might be expected in soil water at the root surface of a plant whose rhizosphere flora consisted exclusively of fluorescent pseudomonads. This is the extreme case and would probably never occur in nature, but it seems to be an acceptable limiting condition.
The autoradiogram (Fig. 1) shows that the presence of concentrations of pseudobactin as low as 0.1 ,uM reduces the uptake of iron by the plants. Thus, even at this low concentration, the effect of pseudobactin was to reduce the uptake of iron, whereas at higher concentrations of pseudobactin the reduction was greater. It is known that the distribution of bacteria on root surfaces is very patchy (19, 21) , and it may be that roots (or regions of roots) with low levels of pseudomonad colonization are adequate for iron acquisition. In particular, any roots growing into anaerobic regions of soil would be likely to have bacterial populations that are impoverished of pseudomonads (and to encounter ferrous ions). Such roots may be the main organs of effective iron uptake. It does, however, seem possible that in well aerated soils, fluorescent pseudomonads could interfere with plant growth and functions by exacerbating iron starvation.
Fluorescent pseudomonads are by no means the only bacteria found in the rhizosphere. Other important rhizobacteria are Klebsiella spp. (25) , and these produce their own siderophores. Experiments with the siderophore aerobactin from K. pneumnoniae (A. aerogenes) 62-1 (4) showed that this had little or no effect on the uptake of 59Fe by maize roots (results not shown). Since the ferric-aerobactin complex is a relatively low-stability complex (13), this lack of major effect accords well with the competition for ferric ions proposed by Brown et al. (2) .
It seemed possible that the failure of our plants to exploit It therefore seems that plants have evolved so as to produce their own siderophores and to use these to take up ferric ions against osmotic gradient (11) and to use the ferrichromes produced by fungi (14, 16) . However, they seem unable to use as iron sources the bacterial siderophores we studied. The only bacterial siderophores we have tested are those which seem likeliest to be abundant in the rhizosphere, and these by no means exhaust the range of bacterial siderophores. Particularly interesting might be albomycin 82. whose structure is closely related to that of ferrichrome (9, 13) .
Hydroxamate-type siderophores remain the only chelating agents produced by one organism which have been shown to be taken up in ferrated form by another. Both plants and bacteria have this ability, and it remains to be elucidated whether this is because it is relatively easy to evolve mechanisms for hydroxamate uptake, because they are especially ecologically important and hence the pressure to evolve mechanisms to exploit this resource is intense (1, 15, 17) , or because of some other reason.
